Neoconocephalus Tettigoniidae are a model for the evolution of acoustic signals as male calls have diversified in temporal structure during the radiation of the genus. The call divergence and phylogeny in Neoconocephalus are established, but in tettigoniids in general, accompanying evolutionary changes in hearing organs are not studied. We investigated anatomical changes of the tympanal hearing organs during the evolutionary radiation and divergence of intraspecific acoustic signals. We compared the neuroanatomy of auditory sensilla (crista acustica) from nine Neoconocephalus species for the number of auditory sensilla and the crista acustica length. These parameters were correlated with differences in temporal call features, body size, life histories and different phylogenetic positions. By this, adaptive responses to shifting frequencies of male calls and changes in their temporal patterns can be evaluated against phylogenetic constraints and allometry. All species showed well-developed auditory sensilla, on average 32-35 between species. Crista acustica length and sensillum numbers correlated with body size, but not with phylogenetic position or life history. Statistically significant correlations existed also with specific call patterns: a higher number of auditory sensilla occurred in species with continuous calls or slow pulse rates, and a longer crista acustica occurred in species with double pulses or slow pulse rates. The auditory sensilla show significant differences between species despite their recent radiation, and morphological and ecological similarities. This indicates the responses to natural and sexual selection, including divergence of temporal and spectral signal properties. Phylogenetic constraints are unlikely to limit these changes of the auditory systems.
Introduction
Sensory organs are adapted to specific environmental and behavioural contexts (Chittka & Briscoe, 2001; Smith, 2008; Stevens, 2013; von der Emde & Warrant, 2016) . During speciation, sensory adaptations can attain different relationships to signal diversification (Endler, 1992; Greenfield, 2002; Ryan & Cummings, 2013; Stevens, 2013; Schaefer & Ruxton, 2015) . When analysed for variability in sensory physiology and anatomy, sensory structures can indicate adaptive divergences between and within species (Dangles et al., 2009; Stevens, 2013) .
The acoustic sexual signals in many insects including Tettigoniidae (bushcrickets or katydids) are important premating barriers. Intraspecific acoustic communication is based on species-specific male calls, and females usually acoustically orient to potential mates (Gwynne, 1977 (Gwynne, , 2001 Gwynne & Morris, 1986; Gerhardt & Huber, 2002; Robinson & Hall, 2002) although in few groups females produce acoustic responses (Robinson, 1990; Bailey, 2003; Heller et al., 2015) . While the species-specific calls and their divergence between species have been thoroughly documented (Heller, 1988 (Heller, , 2006 Keuper et al., 1988; Jatho et al., 1994) , comparative data on the auditory organs of tettigoniid species with an established phylogeny are rarely available (Strauß et al., 2012 Strauß & Lakes-Harlan, 2014) . Such data can be obtained from closely related species of the tettigoniid genus Neoconocephalus (Tettigoniidae: Conocephalinae), a model clade for the evolution and diversification of acoustic signals (Walker, 1975; Whitesell & Walker, 1978; Walker & Greenfield, 1983; Greenfield & Roizen, 1993; Schul & Patterson, 2003) and their pattern recognition mechanisms (Brush et al., 1985; Greenfield, 1990; Deily & Schul, 2004 , 2006 Bush & Schul, 2006 , 2010 Bush et al., 2009; Schul et al., 2014; Kong et al., 2015) . About 25 Neoconocephalus species occur in North and Central America and the Caribbean. The temperate North American species likely emerged within the last 100 000 years (Schul et al., 2014) . The amplitude spectra of male calls are characterized by a narrow high-amplitude band centre typically at 10-15 kHz (Greenfield, 1990; Schul & Patterson, 2003) . In Neoconocephalus, the temporal patterns of calls are a key character for species identity (Greenfield, 1990; Schul et al., 2014) . Several lines of diversification of the temporal call parameters have accompanied speciation. The ancestral call pattern was continuous and consisted of single pulses in fast repetition (Schul et al., 2014; Frederick & Schul, 2016) . Signals have independently diverged to discontinuous calls (with pulses grouped into chirps or verses), repeatedly changed from a single-pulsed pattern to double-pulsed patterns (with alternating pulse periods), or to a very slow pulse rate (Greenfield, 1990; Bush & Schul, 2010; Schul et al., 2014; Frederick & Schul, 2016) (Fig. 1b-d) .
The existing detailed knowledge about interspecific acoustic signal divergence and the phylogeny of Neoconocephalus (Snyder et al., 2009 ) make this an ideal group to study evolutionary changes in the hearing organs (e.g. for hearing sensitivity compared with call spectra: Counter, 1977; Schul & Patterson, 2003) occurring with speciation over a relatively short evolutionary time for divergence (Schul et al., 2014) . Here, we focus on the structure of the scolopidial sensory organ and the number of auditory sensilla in Neoconocephalus. In Tettigoniidae, the auditory organ is a highly ordered sound receiver located in the foreleg tibia. It is involved in intraspecific communication as well as in bat avoidance (Gwynne, 2001; Gerhardt & Huber, 2002; Robinson & Hall, 2002) , which was also shown for Neoconocephalus (Schul & Patterson, 2003; H€ obel & Schul, 2007; Kilmer et al., 2010) . The auditory sensilla form the crista acustica (CA) within the anterior tibia.
They locate close to the auditory trachea covered by a relatively flat and almost triangular surface, the tectorial membrane, between the thin tympanal membranes (eardrums). The CA sensilla are arranged linearly from proximal to distal in the tibia. They are tonotopically ordered, as individual sensilla respond with highest sensitivity to specific sound frequencies, thus giving spectral resolution (Oldfield, 1982 (Oldfield, , 1984 R€ omer, 1983; Stumpner, 1996; St€ olting & Stumpner, 1998; Montealegre-Z et al., 2012; Palghat Udayashankar et al., 2012 Hummel et al., 2016) . Detailed information on the auditory system morphology is available for species from several tettigoniid genera (reviews: Schumacher, 1975 Schumacher, , 1979 Lakes & Schikorski, 1990; Bailey, 1993; R€ ossler et al., 2006; Stumpner & Nowotny, 2014; Montealegre-Z & Robert, 2015) . The CA neuroanatomy shows a basic pattern across species. Commonly, 20-50 auditory sensilla occur in the CA (Schumacher, 1979; Lakes & Schikorski, 1990; Sickmann et al., 1997) , with few exceptions of lower numbers (Schumacher, 1979; Lehmann et al., 2007; or higher numbers (Kowalski, 2010) . CA sensillum numbers are species-specific; however, they are usually similar between closely related species (Schumacher, 1973 (Schumacher, , 1979 Lakes & Schikorski, 1990; Strauß et al., 2012) .
Here, we investigate the neuroanatomy of hearing organs of Neoconocephalus tettigoniids. The aim was to study how species and signalling divergence correlate with the sensory hearing organs by comparing the sensillum numbers between several species. These data complement sensory threshold data which are rather similar in tuning between species (Schul & Patterson, 2003) . The number of auditory sensilla is documented for one Neoconocephalus species only from counts of cap cells (Neoconocephalus bivocatus with~35 auditory sensilla: H€ obel & Schul, 2007) . Divergence in frequency spectrum (carrier frequencies) likely affects evolutionary change of the CA more strongly than the divergence in temporal pattern, which is analysed at higher levels in the central nervous system (Pollack, 1998; Triblehorn & Schul, 2009; Stumpner & Nowotny, 2014) . In Neoconocephalus, the male calls show a narrowbanded centre frequency between 7 and 15 kHz (Greenfield, 1990; Schul & Patterson, 2003) .
To gather comparative neuroanatomical data, we studied the hearing organs of nine Neoconocephalus species for the first time, staining auditory sensilla directly by axonal tracing, and tested for correlations with body size, phylogenetic relationship and call patterns.
For the evolution of the hearing organs, we hypothesize that (i) the morphology of hearing organs between species should not show largely contrasting adaptations to differ markedly in sensillum numbers, and the sensillum numbers across species may thus be similar to N. bivocatus (~35 sensilla). As the temperate North American species evolved rapidly, (ii) phylogenetic effects may be expected strongest in this young species group, suggesting a relatively high similarity of the CA. We further test (iii) for correlations of hearing organ morphology with phylogenetic diversification (phylogenetic effects) or with acoustic signal diversification, and analyse their respective influence.
The rapid radiation and the diversification of acoustic signals (Schul et al., 2014) thus allow a unique study of evolutionary effects on the CA sensilla in a group of closely related species.
Materials and methods

Study animals and morphometry
We collected adult male and female individuals of N. bivocatus (Walker, Whitesell and Alexander 1973) , Neoconocephalus nebrascensis (Bruner, 1891), Neoconocephalus robustus (Scudder, 1862) , N. retusus (Scudder, 1878), in Boone County, MO, USA, of Neoconocephalus exiliscanorus (Davis, 1887), and Neoconocephalus ensiger (Harris, 1841) in Adair County, MO, USA, and Neoconocephalus palustris (Blatchley, 1893) in Porter County, IN, USA, in August 2013. Adults of Neoconocephalus triops (L.) and Neoconocephalus affinis (Beauvois, 1805) were taken from a laboratory culture at the University of Missouri, originally collected in NE Puerto Rico. We included female and male individuals from all species except N. retusus for which we obtained only females.
Prior to dissection for axonal tracing, the hind femur length was measured with a calliper ruler as indicator of body size (Schul & Patterson, 2003) .
Axonal tracing of the crista acustica sensilla
Neuroanatomical experiments were conducted in Columbia, MO, in August 2013 and December 2014 and in Gießen in October 2013. The CA was stained by retrograde axonal tracing of the tympanal nerve N5B1 (Campell, 1961) with 5% cobalt chloride solution (Strauß et al., 2012) . Prior to the dissection for tracing, the insects were briefly cold anaesthetized at 4°C. The legs were cut off at the level of the proximal femur to carry out the dissection and tracing with isolated legs. The legs were fixed in glass dishes covered with Sylgard 184 using insect pins, or they were attached to small plastic plates with plastilin. For dissection, they were covered with sucrose-free locust saline (pH = 6.8; Clements & May, 1974) . The leg was cut open on the ventral side with a piece of a razor blade, and the tympanal nerve was cut in the proximal femur before entering the tibia with iridectomy scissors. The cut end of the tympanal nerve was placed in a glass capillary filled with a 5% CoCl 2 aqueous solution as a tracer dissolved in distilled water (Pitman et al., 1973; Altman & Tyrer, 1980) . The leg preparations were stored at 4°C for 48 h. Intracellular cobalt was precipitated by incubation of the legs in a 1% ammonium sulphide solution in locust saline for up to 15 min. The legs were fixed for 60 min in 4% paraformaldehyde in phosphate buffer (0.04 mol/L Na 2 HPO 4 , 0.00574 mol/L NaH 2 PO 4 9 2 H 2 O; pH = 7.4). The legs were dehydrated in a graded ethanol series. For microscopy, the preparations were cleared in pure methyl salicylate. All 
Microscopy and documentation
Legs were mounted in methyl salicylate for microscopy on a glass slide and viewed with a Leica M205FA microscope or an Olympus BH-2 microscope. Photographs of the auditory organs were taken with a Leica DCF 345FX camera attached to the Leica microscope by a Leica 10445929 tube, or with a Leica DCF-320 camera attached to the Olympus microscope.
For analysis, photographs were assembled from series with consecutive focal planes either using the Leica Application Suite v3.8.0, or the freeware program CombineZP (http://www.hadleyweb.pwp.blueyonder.co.uk/).
Measurements of the CA length were taken using the Leica Application Suite v3.8.0, Leica Microsystems or the freeware program ImageJ (http://imagej.nih.gov/ij/).
Figure panels were assembled and labelled using CorelDraw 11 (Corel, Ottawa, Canada) . Photographs were carefully adjusted for contrast and brightness.
Species classification and statistical analysis
Species were classified into three phylogenetic positions (basal, triops, temperate North American) and into two life history classes (temperate, tropical) following the phylogenetic analysis of Snyder et al. (2009) (Fig. 1) . The basal group includes three of the five most basal Neoconocephalus species and is paraphyletic. The temporal pattern of male calls is described in the literature and was classified for pulse rate (slow, high), pulse pattern (single, double) and call structure (continuous or discontinuous) following Greenfield (1990) , Schul et al. (2014) , Kong et al. (2015) , and Frederick & Schul (2016) . Following Frederick & Schul (2016) , pulse rates < 100 Hz are classified as slow pulse rates, and pulse rates > 100 Hz as fast. N. triops and N. ensiger are here coded as species with discontinuous calls. For N. ensiger, the homology of call elements to continuous and discontinuous callers is not established (Frederick & Schul, 2016) , but N. ensiger is classified as discontinuous as the calls have gaps > 30 ms (Greenfield, 1990) . Neoconocephalus triops shows plasticity in male call patterns with discontinuous calls in the summer generation males but continuous calls in the winter generation males in extreme environments (Whitesell & Walker, 1978) ; clearly, the derived discontinuous call pattern is present in this species. Classifications of species and call patterns are summarized in Table 1 . Neoconocephalus retusus was excluded from statistical analysis as only three female specimens and no males were available for measurements of neuroanatomy. For male call frequencies, average peak frequencies from four to nine males were determined.
Two statistical tests were performed to analyse (i) relationships between hearing organs and species classifications and (ii) relationships between hearing organs and acoustic behaviour. To test for relationships between hearing organs and the speciation process, a multivariate general linear model (MGLM) was run where sensillum number and CA length were specified as dependent variables, and species (eight species), sex (female, male), species 9 sex, phylogenetic position (basal, triops, NA temp.) and life history (tropical, temperate) were specified as independent variables. To test for relationships between hearing organs and acoustic behaviour, a second MGLM was run where sensillum number and CA length were specified as dependent variables, and sex (female, male), femur length (mm), centre frequency (kHz), pulse pattern (single, double), call structure (continuous, discontinuous) and pulse rate (slow, high) were specified as independent variables. In both MGLMs, the multivariate analysis component served to control against error accumulation due to multiple testing. Forward stepwise selection of variables was applied to ensure that the resulting models were exclusively built from significant effects. The Statistica residuals tool was used to check normality of residuals and to ensure adherence to model assumptions. This approach avoids accumulation of error that would result from several independent tests and is also fairly robust against possible cross-correlations between the predictor variables. More complex models with more and higher interactions and with nonlinear terms for femur length were also calculated, but results did not differ relevantly from the parsimonious models described above.
Relationships between species and acoustic characteristics were illustrated by a principal components analysis biplot (PCA-biplot). A PCA was performed on the z-transforms of CA length, sensillum number, centre frequency and femur length as well as over-parameterized versions of pulse pattern, call structure and pulse rate; then, species were mapped into the resulting factor matrix according to their factor coordinates, separately for each sex.
CA length and sensillum number of the North American temperate clade were briefly compared against the ensemble of other Neoconocephalus species with MannWhitney U-tests. Similarly, cross-correlations between CA length, sensillum number, centre frequency and femur length were briefly checked by simple linear regression.
The Statistica 12.5 package (StatSoft Inc., Tulsa, OK, USA) was used for all statistical analyses.
Results
Neuroanatomy of the crista acustica in Neoconocephalus
We first compared the neuroanatomy of the auditory organ (the CA) among the species studied. In Table 1 Data on the life history, bioacoustics and phylogeny of Neoconocephalus species included in this study as summarized from literature. Calling in Neoconocephalus triops males is coded as both continuous and discontinuous as summer generation males developing without diapause sing discontinuously whereas winter generation males sing continuously (Whitesell & Walker, 1978; Greenfield, 1990 Greenfield (1990) Abbreviation: NA, North America.
Neoconocephalus, the hearing organ in the proximal foreleg tibia had tympanal membranes behind cuticular tympanal covers on both anterior and posterior sides of the leg ( Fig. 2; compare Counter, 1977) . The auditory sensilla of the CA were located between the tympanal membranes. The CA was part of the complex tibial organ which also contained two other scolopidial organs: the subgenual organ and intermediate organ (Fig. 2) , as found in other species of Tettigoniidae (Schumacher, 1979; Lakes & Schikorski, 1990; R€ ossler et al., 2006; Strauß & Lakes-Harlan, 2009 ). In the intermediate organ, sensilla could be clearly distinguished into a proximal and a distal group with different orientations of dendrites (Fig. 3a) . For the distal intermediate organ and the CA, sensilla were organized linearly and continuously. The auditory sensilla in the CA could be consistently distinguished from the distal intermediate organ by the orientation of the dendrites: dendrites of CA sensilla pointed more straight in posterior direction whereas dendrites of distal intermediate sensilla bent back in anterior direction (Fig. 3a) .
This linear arrangement of CA scolopidia and dendrites allowed to determine the number of auditory sensilla. Average numbers of CA sensilla for the different species ranged between a minimum of 32 (N. affinis, N. ensiger females, N. palustris males) and a maximum of 35 sensilla (N. robustus, N. exilliscanorus). All Neoconocephalus species thus had well-developed hearing organs and auditory sensilla which resembled the CA typical for Tettigoniidae.
The most distal sensilla in the CA usually had smaller somata, which were arranged in a double row and lacked the linear organization of the more proximal sensilla (Fig. 3b) . The dendrites of these sensilla are also linearly organized. Morphometric results for CA sensillum numbers and CA length are summarized in Table 2 . Average sensillum numbers in the CA of conspecific females and males were identical with the exception of N. nebrascensis (Table 2 ) and did not differ significantly between sexes (MGLM: P > 0.05; Table 3 ). The CA was significantly longer in females (705 AE 49.6 lm) than in males (655 AE 59.3 lm) (GLM; P < 0.0001; Table 3 ), but length differences between sexes were not statistically significant among species (GLM, P > 0.05). This dimorphism correlates with body size differences. There was no significant correlation between CA length and sensillum numbers. In sum, these findings support our first hypothesis that the Neoconocephalus species would have a 
well-developed CA with closely matched sensilla numbers across the species studied.
Comparison of sensillum numbers with Neoconocephalus phylogeny
The variation in average CA sensilla (three sensilla) between species made up~9% of the maximum 
number of 35 sensilla. Comparing the sensillum numbers with the Neoconocephalus phylogeny (Snyder et al., 2009) revealed that species located on basal branches had relatively lower sensillum numbers (32-33) ( Table 2 ). Within the temperate clade (T in Fig. 1 ), an increase in sensillum numbers to averages of 34-35 was observed in some species. Neoconocephalus triops, the sister to the temperate clade, also had a higher number at 34 sensilla on average. However, species within the temperate clade also showed relatively low sensillum numbers (N. ensiger: 32; N. nebrascensis: 32-33). This finding did not match with our second hypothesis that the temperate clade would show greater consistency in CA sensilla due to a rather recent diversification.
Relationships of crista acustica morphology and classifications
We tested the third hypothesis whether the CA anatomy shows correlation with phylogenetic classification, life history or call divergence. The hypothesis was that a possible phylogenetic effect could be more prevalent, resulting in conserved anatomical features of the auditory organ, as the changes in temporal patterns of male calls are analysed at higher levels in the central nervous system, and not the auditory sensilla. General linear models performed to analyse differences in the CA with respect to numbers of sensilla and organ length between Neoconocephalus species as well as between phylogenetic and life history groups of species explained 66% and 80% of the variance in sensillum numbers and CA lengths, respectively (GLM, R² = 0.658 and 0.796, Table 3a ). Results were largely due to differences between species (GLM, P < 0.0001). Differences between phylogenetic groups or life history types remained nonsignificant (Table 3a ). This finding shows that species-specific differences in hearing organ morphology largely override any systematic effects of phylogenetic relationship and of life history on CA metrics. The North American clade differed from the ensemble of other Neoconocephalus species in average CA length (temperate clade: 662.9 lm; other species: 710.4 lm; MWU, P = 0.0008) but not in average CA sensillum numbers (temperate clade: 33.0; other species: 33.4 sensilla; MWU, P = 0.54).
Relationships of crista acustica with call characteristics and body size
General linear models performed to analyse relationships between crista acustica metrics (CA length and sensilla numbers) and the characteristics of male calls explained 42% and 51% of the variance in auditory sensillum numbers and CA lengths, respectively (GLM, R 2 = 0.418 and 0.509, Table 3b ). CA length differed between sexes with longer CA in females (GLM, P < 0.001), but sensillum numbers did not (GLM, P > 0.05). Wilks lambda, multivariate test statistic; P-multiv, multivariate error probability; SS, sum of square error; P, univariate error probability; n.s., not significant; Model R 2 , coefficient of determination; Model P, error probability of total model.
Both, sensillum numbers and crista acustica length were negatively correlated with the male call frequency (GLM, P < 0.001; Table 3 ). These were most likely indirect effects, as call frequency, CA length, sensillum number and femur length all relate to body size, with larger animals having longer legs with longer CAs and the ability to generate lower call frequencies due to larger stridulatory structures (see Bennet-Clark, 1998) . From a group of redundant variables, the forward stepwise selection of the GLM analysis extracts the numerically strongest effect in the data, which here proved to be the centre frequency. In fact, centre frequency, CA length, sensillum number and femur length were all linearly correlated with each other (P < 0.003). In detail, CA sensilla and CA length also positively correlate with femur length (Pearson; CA sensilla: r 2 = 0.11, P = 0.0026; CA length: r 2 = 0.28, P < 0.001). However, these correlations were overridden by the stronger correlations with the call characteristics in the multivariate analysis. Figure 4 depicts standardized effects of the GLM, that is the relative effects of individual factors, theoretically assuming that all other factors in the model were kept constant. Notably, we further found several statistically significant correlations of CA length and CA auditory sensillum numbers with parameters of the male calls (summarized in Table 3b ). Pulse rate had the strongest effect over the entire data set, as species with a slow rate showed higher number of sensilla (on average 33.94 sensilla) over species with a high pulse rate (32.96 sensilla; P = 0.0158), and a longer CA (712.1 lm in slow rate callers over 667.2 lm in fast rate callers; P = 0.0013) (Fig. 4a) .
Weaker effects were also found for call structure (Fig. 4b ) and pulse pattern (Fig. 4c) . Continuously calling species had a significantly higher number of auditory sensilla (33.82 sensilla) over discontinuously calling species (33.08 sensilla; P = 0.017). Differences in CA length (continuous: 687.2 lm; discontinuous: 670.1 lm) were not statistically significant (P > 0.05; Table 3b ). The pulse pattern had significant correlations with the CA length (Fig. 4c) , as the species with a single-pulse pattern had a longer CA (706.5 lm) than species with a double-pulse pattern (672.9 lm; P = 0.0022). Differences in sensillum numbers (single pulse: 33.47 sensilla; discontinuous: 33.09 sensilla) were not statistically significant (P > 0.05). Overall, the strongest relationship of CA morphology was found for the pulse rate, which affected both CA sensilla and CA length.
Similarity of morphometric and bioacoustic characters across species
The strongly species-specific features of the auditory organ and the weaker relationship between call characteristics and hearing organ morphology observed in the GLM were clearly reflected in the principal components analysis (Fig. 5) . In this figure, the xy-plane was Influence of pulse pattern on CA sensillum numbers and CA length. Abbreviations: n.s., not significant; *0.05 < P < 0.01; **0.01 < P < 0.001.
specified by the relationships between characters, and the species were mapped into this plane, with sexes treated separately. Factors 1 and 2 explained 58.8% of the total variance in call characteristics, hearing organ metrics and body size, present in the data set. The vectors representing these characters (blue arrows in Fig. 5 ) grouped into three distinct clusters, Cluster 1: low frequency, continuous call and many sensilla, Cluster 2: short hindleg femur, short CA and single pulse, as well as Cluster 3: low pulse rate. Factor 1 was mainly coined by the contrast between Clusters 1 and 2, and Factor 2 mainly reflected the opposition of Clusters 2 and 3. This pattern indicates divergent character differentiation of the individual specimens into three directions. Notably, the PCA showed an almost opposite orientation of vectors for low centre frequency and short hind femur, revealing the suggested relation between body size and call frequency: larger animals should have larger stridulatory structures, which produce signals of lower frequencies (Bennet-Clark, 1998; Robinson & Hall, 2002; Podos & Patek, 2015) . Hence, the correlation detected in the GLM between call frequencies and CA morphology most likely derives from allometric relationships. The vector representing low pulse rate was nearly orthogonal to all other vectors, suggesting an independent third direction of differentiation. In contrast, the vectors representing individual species and their sexes (red arrows in Fig. 5 ) pointed into many directions of the xy-plane without pronounced clustering, and they were also shorter than the character vectors. This indicates species-specific and inhomogeneous character differentiation within each species, which may in turn explain why our classifications of species into various groups proved little effective in separating distinct morphometries of the CA. In particular, the North American temperate species (N. robustus, N. bivocatus, N. exiliscanorus, N. nebrascensis, N. ensiger) were spread across the biplot without a clustering. Of the very closely related temperate North American species N. robustus, N. bivocatus and N. exiliscanorus, two species N. robustus and N. bivocatus were located adjacently, based on a high number of CA sensilla and continuous calls.
Synoptic summary of results
In Neoconocephalus species, a well-developed crista acustica is present in all species studied. Auditory sensillum numbers were identical between sexes within AE 1 sensillum. For each species, females had on average longer CAs than males but differences were not statistically significant. The CA neuroanatomy was strongly speciesspecific in length and numbers of auditory sensilla. We found no statistically significant correlation of CA neuroanatomy with phylogenetic position or life history (Tables 2 and 3 ). However, several features of male call patterns and structure correlated with differences in CA neuroanatomy: the strongest effect was that species with slow pulse rate had on average more auditory sensilla and longer CAs, whereas there was weaker support for continuously calling species having more sensilla, and single pulsing species having shorter CAs. Thus, Biplot of principal components analysis, with species (red arrows) mapped into the coordinate system defined by the different characters (blue arrows, encircled). Abbreviations: N. aff., N. affinis; N. biv., N. bivocatus; N. ens., N. ensiger; N. exi., N. exiliscanorus; N. neb., N. nebrascensis; N. pal., N. palustris; N. rob., N. robustus; N. tri., N. triops.
despite rather homogenous distribution of CA sensillum numbers, statistical analysis supported multiple significant correlations with intraspecific acoustic communication. Overall, correlations of call features with CA length were stronger than with CA sensillum numbers.
Discussion
We analysed the neuroanatomical diversification of Neoconocephalus hearing organs and found a stronger correlation of auditory morphology (number of auditory sensilla, length of auditory organ) with differences in acoustic signals than with phylogenetic relationships and life history. In the following, we will discuss these findings in relation to data from other tettigoniids and the evolutionary factors shaping sensory organs.
Comparative neuroanatomy of the crista acustica in Neoconocephalus
We tested the similarity of CA morphologies by comparing nine species. We included data from one species (N. bivocatus) that has been studied previously by H€ obel & Schul (2007) . Our findings of sensilla number in N. bivocatus were within their documented range. The sensillum numbers from all other species studied here are on average between 32 and 35 sensilla (Table 2) . Auditory sensilla in the tettigoniid CA may range from 15 to 80 sensilla, and in most species between~20 and 30 sensilla (Schumacher, 1979; Lakes & Schikorski, 1990; Kowalski, 2010; Strauß & Stumpner, 2015) . Only species with hearing organs under regressive evolution have numbers lower than 20 sensilla (Strauß & Stumpner, 2015) , and few species with more than 40 auditory sensilla are known (Sickmann et al., 1997; Kowalski, 2010; . The sensillum numbers found in Neoconocephalus thus indicate a well-developed CA in all species investigated, but no exceptional auditory adaptations in individual species or the entire genus. Presumably, the frequencies are distributed tonotopically across the CA in Neoconocephalus as in other tettigoniid species, but the frequency representation in the CA sensilla has not been compared between species so far. Physiologically, the hearing organs in Neoconocephalus cover a broad range of frequencies (Schul & Patterson, 2003; H€ obel & Schul, 2007) . Hearing is pivotal for mate detection and recognition of calls with centre frequencies ≤ 15 kHz (Deily & Schul, 2004; Bush et al., 2009; Bush & Schul, 2010; Kong et al., 2015) and bat detection at ultrasonic frequencies (ter Hofstede et al., 2008 (ter Hofstede et al., , 2010 Kilmer et al., 2010) . Hearing thresholds in Neoconocephalus species are broadly tuned and remarkably show highest sensitivity from 16 to 18 kHz (Schul & Patterson, 2003) . The sensillum numbers in Neoconocephalus range between 32 and 35 sensilla, and the species has the strongest influence on the differences between species (Table 3a) . The number of sensilla in the CA between species of one genus is usually similar but still speciesspecific (Schumacher, 1979; Lakes & Schikorski, 1990; Kowalski & Lakes-Harlan, 2013; . The differences documented in sensillum numbers are not extensive but indicate some radiation in Neoconocephalus. Accordingly, most variation in sensillum numbers between species was not significantly correlated with the different parameters analysed. Notably, the numbers of CA sensilla are not directly linked to CA length, a finding also reported in other tettigoniid genera (Schumacher & Houtermans, 1975; Kalmring et al., 1993; R€ ossler et al., 1994; Strauß et al., 2012) .
The specific selection pressures affecting insect hearing organs can be difficult to identify as more than one selective force may occur, and these forces could potentially overlap or even oppose each other (Stumpner & von Helversen, 2001; Greenfield, 2002; Strauß & Stumpner, 2015) . The effects may possibly affect sensory threshold, directional hearing, the number of sensory cells or axonal connectivity to auditory interneurons. While the auditory organ of Tettigoniidae has been well investigated for comparative neuroanatomy, the factors determining the species-specific number of auditory sensilla are not well understood (Kalmring et al., 1990; Lakes & Schikorski, 1990) .
Sensory organs in general are affected by several ultimate (evolutionary) effects: (i) specific adaptations due to natural or sexual selection, (ii) multiple selection factors acting on the hearing organ, leading to balancing of different sensory requirements, (iii) genetic drift and neutral evolution, (iv) phylogenetic effects due to ancestral states, (v) developmental, metabolic or physical constraints and (vi) allometric relationships to body size (see Dumont & Robertson, 1986; Schwenk & Wagner, 2003; Arthur, 2011; Nunn, 2011) . These factors may act in different or even opposing directions.
Phylogenetic and classification effects on CA anatomy
Assuming that the quick diversification of North American temperate Neoconocephalus species (Snyder et al., 2009; Schul et al., 2014) might result in less differences of hearing organs, we tested for a phylogenetic effect on the CA morphologies. Overall variation in auditory sensilla between species is not extensive and was not found statistically significant for phylogenetic position and life history, and the variation in sensillum numbers was greater between species than within any species. Yet, some radiation clearly took place between species: the species that branch off more basally have relatively low numbers of CA sensilla (N. affinis, N. palustris: 32; N. retusus: 33), and some temperate species have relatively higher numbers (N. robustus, N. exiliscanorus: 35; N. bivocatus: 34) . The ancestral situation of the CA in Neoconocephalus likely was 32 auditory sensilla.
However, species with relatively low and high sensillum numbers are interspersed, and in the North American temperate clade, more diversity in average CA sensilla occurs. In this temperate clade, the full variation of sensillum numbers is present with relatively low number of CA sensilla (N. ensiger: 32; N. nebrascensis: 32 females/33 males) as well as the highest (N. robustus: 35, N. exiliscanorus: 35, N. bivocatus: 34) . However, the variation in CA sensillum numbers between species in the temperate clade and the other species was not revealed as significant differences by GLM analysis as well as statistical tests (Table 3a) . Thus, no clear evolutionary trend to more sensilla exists in the temperate clade. The differences in CA length or sensillum numbers were not found to correlate with the life history either (Table 3a) . Our study included only two tropical species (N. triops, N. affinis), which may be too few species for reliable analysis of life history effects. From the present analysis, the hearing organs did not retain higher consistency of the hearing organ anatomy during the recent North American radiation. This finding argues against evolutionary trends in CA evolution due to phylogenetic constraints. In addition, body size affected both CA length and sensilla, although this correlation was less strong than correlations with call patterns. In particular, length differences should affect the travelling waves induced by acoustic stimuli and the tonotopic organization. Extending the CA might result in adaptive frequency representation. However, the tonotopic organization of the CA in Neoconocephalus species is so far not studied.
Correlations of crista acustica morphology with call patterns
We hypothesized that the call patterns would not prominently correlate with the CA anatomy: auditory sensilla respond usually tonically to sound stimuli (Schul, 1997; Pollack, 1998) , and frequency analysis and intensity coding occur in the CA (Stumpner & Nowotny, 2014) . The tonopic organization of the CA allows for frequency analysis (R€ omer, 1983; Stumpner, 1996; St€ olting & Stumpner, 1998; Montealegre-Z et al., 2012; Palghat Udayashankar et al., 2012 Hummel et al., 2016) . Temporal patterns are coded but not selectively analysed in the sensory periphery, and the syllable pattern is transmitted to auditory interneurons (R€ ossler & Schul, 1993; Pollack, 1998 Pollack, , 2000 Stumpner & von Helversen, 2001) .
We tested for correlations between different parameters in the calls and auditory system by the MGLM and principal components analysis. Notably, GLM and PCA gave different results with respect to the correlation of the hind femur length: in the PCA, the vectors cluster for long femur, low centre call frequencies, long CA and high sensillum numbers. As body size determines the lengths of legs and dimensions of stridulatory structures if no obvious further modifications occurred in closely related species, these correlations with centre frequencies were to be expected (Bennet-Clark, 1998; Rust et al., 1999; Robinson & Hall, 2002) . However, the GLM does not support direct a causal relationship of auditory features to the centre frequency (specific adaptation): PCA represents the correlation between these dimensions, while the GLM chooses the strongest support (here: frequency over femur length).
The analyses found several statistically significant correlations between the CA neuroanatomy and parameters of the acoustic signals (Table 3b ; Fig. 4 ). The strongest effect was for pulse rate on both sensillum numbers and CA length: slow pulse rates correlate with more auditory sensilla and a longer CA (Fig. 4a) . Here, a higher number of sensilla may allow for a more efficient physiological encoding of the pulses at a slow rate as more sensilla become activated and thus a stronger input is provided to the CNS. However, two of the species with slow pulse rates remained in the ancestral state for the genus of 32 CA sensilla (N. ensiger, N. affinis). Females of both species require the slow pattern whereas the third species studied, N. exiliscanorus, is perceptually a fast rate species preferring no gaps in the calls. For pulse rate, the correlation was stronger for CA length than for sensillum numbers.
Comparing continuous and discontinuous callers showed a significant decrease in auditory sensilla in the discontinuous callers, while CA length did not differ significantly (Fig. 4b) . As hearing organs work in a complex sensory environments with signal transmission and filtering and signalling ranges (R€ omer, 1998, 2016) , any correlations between acoustic signals and hearing organs must be scrutinized for possible indirect correlations and effects. The correlations of call structure with auditory morphology likely are due to an ecological influence on acoustic signalling by populations or habitats, as species with discontinuous calls regularly occur with higher population densities (Greenfield, 1990 ). Higher animal densities may slightly weaken the selection pressure on auditory organs, as finding of mating partners becomes more likely. One species with continuous calls, N. affinis, has a relatively low number of CA sensilla (32) and also relatively high population densities (Greenfield, 1983) . Six additional Neoconocephalus species have discontinuous calls (Greenfield, 1990) . They allow to test the correlation of discontinuous calls with a possible regression in auditory sensilla in future studies.
For the pulse pattern, we found a significantly longer CA in double-pulsed calls over single-pulsed calls. Average sensillum numbers are also higher in species with double pulses (double pulse: 33.5; single pulse: 33.1), but differences were not statistically significant (Fig. 4c) . This was found in the GLM as well as the PCA. The double-pulse pattern is a derived call pattern (Schul et al., 2014; Frederick & Schul, 2016) . As temporal selectivity in signal analysis occurs at neural levels beyond the sensory periphery (Pollack, 1998; Stumpner & Nowotny, 2014; Hedwig & Stumpner, 2016) , this finding is surprising. In tettigoniids and insects in general, sensory adaptations to call features have been difficult to identify for example with respect to specific sensillum numbers (Yager, 1999; Yack, 2004; Strauß & Stumpner, 2015) , likely because of multiple selective factors acting on the hearing organs and different neuronal elements in the diverse precursor organs.
Compared to the evolutionary changes in call pattern, the changes in centre frequencies were more limited and correlated with changes in body size (Greenfield, 1990 ; for an exception see Deily & Schul, 2006) . Interestingly, the sensory tuning of Neoconocephalus tympanal hearing organs does not match the carrier frequencies of calls (Schul & Patterson, 2003) . Since the CA length or sensilla are not correlated with the carrier frequency of male calls, other factors like predators or ecological parameters may be important. The CA frequency range may be affected by bat predators (e.g. Pollack, 2016) to extend into the ultrasonic ranges (Libersat & Hoy, 1991; Schulze & Schul, 2001 ). Ultrasonic sensitivity is most certainly under stabilizing selection from bat predation, contributing to a welldeveloped hearing organ with up to 35 sensilla. The CA length differences may also relate to differences in frequency representation, and CA elongation could support a broader auditory response to the environmental acoustic diversity.
In some Neoconocephalus species, species-specific differences in the frequency selectivity are likely due to differences in spectral processing in the ascending sensory pathway (Deily & Schul, 2006) . This suggests that selection for call recognition based on spectral properties affects mainly central processing than peripheral frequency analysis in the sensory organ (Schul & Patterson, 2003) . So far, correlations between call features and neuronal structures of the auditory organ in tettigoniids are mainly speculative (e.g. Kalmring et al., 1996) , and further studies based on multiple, closely related species are required to address this topic in other lineages. While the rapid diversification of Neoconocephalus is strongly reflected in the temporal patterns and calling activity of male calls, the co-evolution between call features and auditory sensilla may not be representative among Tettigoniidae in general.
Conclusions
So far, the factors determining the sensillum numbers in the tettigoniid CA have not been evidenced from comparative studies. Our analysis on Neoconocephalus supports that several factors influence the CA morphology: the allometric relations of body size to CA length and cell number and the correlations with call patterns suggest that natural and sexual selection may lead to anatomical divergence and thus explain the variability of cell numbers and CA length among species. Predation also affects the CA by stabilizing selection on sensilla tuned to ultrasonic frequencies. This is reflected in a well-developed CA with up to 35 sensilla. Phylogenetic constraints likely do not limit the divergence of this sensory system, as, for example, cell numbers seemingly change freely between 30 and 35 throughout the genus. If constraints occur, these are likely developmental and morphological rather than phylogenetic. Given the short evolutionary timescale of the Neoconocephalus radiation, these significant changes in CA morphology are indeed remarkable. This evolutionary plasticity sets the stage for the evolution of the diverse tympanal organs across the Tettigoniidae.
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